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Abstract 

This thesis is a pcesentation of the photoelaatic technique for 

stress analysis applied tc transmission shafting. Experimental effort 

'vas directed to d~vise a unique photoelastic sleeve which, when bonded 

to the reflective surface of a shaft» would provide a direct indication 

of shaft torque . A suitable stress-optic material molded to a working 

shaft makes this method useful for practical application. 

The writer wishes to express his appreciation for the assistance 

and encouragement given to him by Professor R. E. Newton o f the United 

States Naval Postgraduate School . 

ii 



R 

c 

n 

E 

G 

K 

• 
A 

J 

a 

Synboi.s 

Relative retardation (wavelengths) 

Material Fringe Constant (fringe/psi) 

Thickness of Plast1c tinches) 

Principal Stress (psi) 

Principal Stress (psi) 

Fr:i nge Order 

Wavelength of Monochromatic Green (21.5 x 10- 6 in.) 

Modulus of Elasticity (psi) 

Shear Mod~lus (psi) 

Poissonus Ratio 

Material Fring~ Ccnstant (fringe-inch/inch) 

-8 
Angstrom Unics (10 em. ) 

Polar Moment nf Inertia (in~) 

Principal Strain (micro-inch/inch) 

Principal Strain (micro-inch/inch) 

Twisting Mom~nt (inch-pounds) 

Bending Moment (inch-pounds) 

Inner Radius of Plastic Sleeve (inches) 

Distance from Thin Edge of Plastic Sleeve to 
Fringe Lc•cati<c:·n (inches) 

2 X 10-J 

iii 



TabL~ of Contents 

Section Title 

1. Int roduct: um 

2. Stress-Optic Effects 

3. Static Photoelastic Cal1bration of the Test Shaft 

A. Experimental Procedure 

n. Torsion without Bending 

Torsion with Bending 

4. Dynamic Testing 

A. An Alternate Method for Determining Torque 

5. ::::o'l"clusion 

6. ~ibliography 

Appendix 1. ~ Determination of the Material Fringe 
Ccnstant of Phctostress Type A. 

Appen<lix 11. o A De ermination of the: Modulus of Elasticity, 
Shear Modulu~. and Poissonqs Ratio of Photo-

Page 

1 

4 

7 

12 

18 

22 

25 

27 

29 

39 

stress Typ~ A. 35 

App~n1i~ Ill. Molding and Contouring the Fhotostress 
Plastic Sleeve 41 

iv 



Figure 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

Ltst of Il l us tra tions 

Tapered Photoe l as t t c Sleeve Bonded to a 
Tors i on Shaft 

Photoelastic Pattern Developed in Torque 
Shaft Sleeve 

Jig Used for Static Calibration, Monochromatic 
Mercury Vapor Source 9 and Barrel Sight 

Exploded View of Sleeve and Polaroid Sheet 

Dimensioned Tube-Sleeve Cross Section 

Typical Sleeve Pattern Developed with Shaft 
Subject to Tor s ion 

Plot~ Fringe Order per Unit Torque vs. 
Distance x.(Static Test without bending) 

The FFfect of Bending on the Stress-Optic 
Pattern 

Plot ~ Fringe Orde r per Unit Torque vs. 
Distance x. (Static Test with Bending) 

Plot, Fringr Orde r per Unit Torque vs. 
Distance x.(Dynamic Test) 

Plot 9 Distance Between Fringes vs. Torque 

Tension Model Dimensions 

Plot~ Stress vs. Fringe Order 

Tension Model Di mena ions 

Plot, Stre s s v s . Longitudinal Strain 

Plot~ Stress vs. Lateral Strain 

The Effect of Incomplete Polymerization on 
Photostress Plastic 

v 

Page 

3 

3 

10 

11 

13 

16 

17 

18 

21 

24 

26 

31 

33 

36 

38 

39 

45 



H~. 

19 . 

The Effect o •: Tlurdrht)' O'l "lwto~;t n~ss 

J 1 :1 s t i c i. n t: he C u d. E ~ S t :1 ~ e 

Tension t1odelr. :mc1 Suitrble E( uipment 
for Castinz (Contoured) Sheets 

vi 



Tab lt:. 

1. 

3. 

4 . 

5 . 

6. 

List of Tables 

riel.: 

Prop.P.rt ies of 2021~S-T3 Aluminum Alloy 

Properties of Photostress Type A Plastic 

Calcul~ted Values of Fringe Order per 
Unit Torque 

Experimentally Observed Fringe Location 
(Stattc Test without Bending) 

Experimentally observed Fringe Location 
(Static Test with Bending) 

Experim~ntaUly ObservE.d Dynamic Values of 
Fringe Location 

vii 

Page 

7 

8 

15 

15 

20 

22 



t'h cno.'·•J":' 1 ~.~ •- .c frlt-'1: 1::JI1 of <'"xperimenta 1 st H' Sf. ana 1 ;sis as developed 

3Dd intr0~uced LO t~~ PneinPerLng world in 1930 by frofessor E. G. Coker 

and L. 't-.1 • 'ilon in their "Tr~at1se on Photoelasticity" wns but a 

qua 1 itat ive app-:oach to the COlt'P lex problem of mathernat ica 1 stress analy -

sis in w~irh the tl1eory of elasticity an~ stress functions are employe d . 

Since that t i_ 1e. many itrprove:ment s i n photoe last ic technique, materia 1 s 

and equipment~ h~ve placed the method in a category where: 

Tod!'.y rhotc-elasticity has grot-m to the full stature of a power ful 
teclwical :tnstrument of quantit~tive stress analy~is which for 
tt:o dtmension.s, a~ 1east, exceeds all other methods in reliab il i ty , 
scop· ... and prnct icabil it~'. There is no method by which the comp lete 
cxploraticn of principal stresses, let alone the stress on free 
bovnda·cies 9 can be determined with the same speed and accuracy 
and at such a surprisin3 swall cost as the photoelastic method . 
f-Jor is tl-.ere ~1 meth::;d w~ich has th~ same visu'Il appea l and c overs 
so muc~ o~ th3 str~ss field with one pattern. 

Photoelastic analys:s generally requires the construction of a model 

georn~trically ~1 tilar to the part b eing analyzed . These model s a r e made 

2 
of rntHerial.; pc)sse. sln:; tr.e property of stress-optic sensi tivity . Hore 

recently~ b ;wever~ a dot:~b ly re frtict ine plastic~ which can be b onded d irect-

ly to nn a ell '131 pnt t under study~ ;.ms developed . It is marketed under the 

trade name Photoclress Plastic . Strains in the actual part produce equa l 

streins in the plast•c. In turn. the plastic exhibits bire fringence which 

~ 
may be studied by standard photoelastic techniques.- The method ma kes two 

dimensional st..udi.es of a.ct.ua 1 structures practical. 

~r1. M. Frocht~ Photoelasticity. Vol. 1~ Preface~ Wiley & Sons, 1941. 

1 Ibid.~ Chapt~r 10. 
-Felix Zanrman, nhotostress Analysis~ Product Enginee ring, p 5, 

Harch 2~ 1~59" 
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This inve~tigation is an application of the photoelastic method 

to devise a permanent~ continuous and direct reading torque meter for 

transmission shafting. Of particular interest is slowly rotating shaft-

ingp such as ship propellor shafts~ where stroboscopic illumination is not 

feasible. Shafting of this nature~ ideally in a condi tion of pure tors-

ional shear producing stresses which are everywhere the same on the sur-

face~ presents a problem well suited for experiment. One method of 

solution measures retardation due to double refraction with a Babinet 

compensator. This refraction is produced in a uniform Photostress sleeve 

1 bonded to a shafto A tapered photoelastic sleeve as shown in Fig. 1, 

would eliminate the necessity for a compensator. Using monochromatic 

illuminationj the tapered sleeve arrangement~ when strained, produces 

a direct reading pattern of circumferential isochromatics along the 

length of the sleeve (Fig. 2). The spacing of these isochromatics pro-

vides a direct measure of the t orque and torque measurements can be made 

regardless of shaft speed . 

The effect of bending moment on the stress-optic pattern produced 

by torsion is also considered in this investigation. In machinery in-

stallations 9 bending moment is always present to some degree due to 

misalignment or shaft dead weight. 

1Felix Zandman~ Photostress Analysis ~ Product Engineering, p.S, 
March 2~ 1959. 
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Fig. 1. A Tapered Photoelastic Sleeve 
Bonded to a Torsion Shaft. 

~~---+--~ ~- -~ 
c 
~ 

~ 

.:c:..::_ 
·.-..::;:~ 

.-~.:··-~-· 

Fig. 2. Photoelastic Pattern Developed 
in Torqued Shaft Sleeve. 
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2. Stress-Optic Effects 

The stress-optic effect is the temporary double refraction pro-

duced in an isotropic body subjected to stress. Upon removal of loads 

producing the condition of stress within a body, the double refraction 

disappears. The planes of princifBl stress act as polarizing planes 

along which the components of light are allowed to pass and become r e -

fracted or stepped out of phase in accordance with the stre s s-optic law 

which states: 

In a transparent isotropic plate in which the stresses are two
dimensional and within the elastic limit» the phase di fference 
or relative retardation R» in wavelengths» between the rectan
gular wave components traveling through it and produced by 
temporary double refraction is given by 

in which C is a constant known as the stress-optic coeff i cient, 
J is the thickness ~f the plate» and 07 and C7:i are 

the principal stresses. 

The relation between the relative retardation and the st resses pro-

ducing temporary refraction in a transparent isotropic body is 

2 
empirical. 

The transverse wave theory adequately describes optical phenomena 

associated with polarization and stress-optic effects 9 and can be used 

3 
to describe the effects achieved in this experiment. The system pro-

ducing the desired experimental stress-optic effects was equivalent 

to a bright field plane polariscope and was chosen because it easily 

1 

(1) 

2M. M. Frocht 9 Photoelasticity 9 Vol. 1» p. 136 9 Wiley & Sons , 1941. 
Coker & Filcon~ Treatise on Photoelasticity» Chap. 3, Cambridge 

3university Press, London. 
Ibid.» 1. Chap 3. 
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adapted to the problem of transmission shafting. 

Consider a horizontal shaft with a photoelastic sleeve bonded to 

its reflective surface. A single Polaroid sheet (axis of po larization 

perpendicular to longitudinal tube axis) serves as polarizer and anal

yzer. Light from a monochromatic source passes through the Polaroid 

and the plastic sleeve; it is then reflected from the shaft surface 

and travels back through the plastic and the Polaroidj to the eye of 

the observer. 

When the shaft is subjected to torsion, the strain developed on 

the surface of the tube will impart equal strains to each infinitesimal 

area of the sleeve bonded to it . Light passing through the polariscope 

system mounted on the shaft will be refracted in the plastic sleeve as 

a result of these strains. Viewed under monochromatic illumination, a 

point of the sleeve will pass cyclically from maximum brightness to 

darkness to maximum brightness as the principal stress difference is 

increased. Since the relative retardation is proportional to thickness, 

a tapered sleeve such as shown in Fig . 1» wi ll exhibit a pattern of cir

cumferential isochromatics. Note that the effect i ve thickness of the 

plastic sleeve at any point along its length is double the actual 

thickness 9 since reflected light necessa rily passes through the plastic 

a second time. 

In a bright field plane polariscope 9 the dark fringes observed are 

of order n = 1/2 9 3/2~ 5/2 9 •••• Then R = n /\ 9 where A is the 

wavelength of the light used. Referring to Eq. lp we see that the 

principal stress difference 0,- 02.. may be found. From this stress 

difference the shaft torque is readily determined . 

5 



The simplicity of 5uch a system is obvious. Once installed, it 

becomes a permanent part of the equipment; the only auxiliary items re

quired to determine torque are a monocht'omatic light sourcej and some 

suitable scale for measuring the stress-optic pattern. 

6 



3. Static Photoelastic Calibration of the Test Shaft 

The test shaft used in this experiment was a seamless aluminum 

alloy tube of dimensions and properties given in Table I. 

The 

Table I 

1 Properties of 2024S-T3 Aluminum Alloy 

Outside Diameter, D 1.002 
0 

Wall thickness~ t 0.0355 

Modulus of Elasticity, E 
t 

10.6 X 

Shear Modulus, Gt 4 . 00 X 

inches 

inches 

10
6 

psi 

10
6 

psi 

tube dimensions were carefully measured with micrometer calipers. 

The modulus of elasticity~ as given by the Alcoa Structural Handbook, 

was corroborated by independent tension tests~ using a test section of 

the 2024 aluminum alloy tube and SR-4 strain gages . On this basis the 

shear modulus was assumed correct as listed. 

Next a determination of the pertinent physical properties of the 

Photostress Type A plastic was required. Details of the technique for 

fabricating the plastic sleeve are given in Appendix III. When the final 

plastic sleeve was fabricated~ enough liquid was reserved from the batch 

to make two tensile specimens similar to those shown in Figo 17, providing 

two test bars of exactly the same composition. The first of these bars 

was inserted into the field of at Chapman plane polariscopes loaded axially 

in tension~ and the material fringe constant determined. A detailed des

cription of this experiment» along with experimental data, is given in 

Appendix I. 

1 Alcoa Structural Handbook~ Table of Properties 9 p. 34, 1955. 
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On the second of the t~st bars 9 t'\170 Twllckerman optica l strain gages 

were mounted. These two strain gageg occ~~led posltinns od opposit~ 

sirlPs of thP bar; one mounted along the longitudinal bar axis and the other 

mounted lAter~lly. Then~ for each known increment of axial tension 

load applied~ the longitudina l and lateral strains were observed. From 

these observations the modulus of elasticity 9 the shear modulus, and 

Poissonys ratio were determined. A detailed description o f this experi-

ment and the resulting data are given in Appendix II. 

The results of the experiments described in Appendices I and II 

are tabulated below: 

Tnble II 

Properties o f PhotoBtress Type A Liquid Plastic 

Modulus of Elasticity, Ep 445, 000 psi 

Shear Modulus~ G 152, 000 psi 
p 

Poisson 1 s Ratio~ jL{ 0 . 46 
I 

Kl Material Fringe Constant, 0 . 0829 fringe-inch/inch 

The necessary physic~! const~nts of the materials used having been 

determined~ actual syst~m calibration began. For this purpose, a jig 

wa s fabric~ted (Fig . 3 ) which could provide various combinat ions of 

torque and bending simultaneously to the test shaft. The jig consist-

e d of two kni.fe edges which supp~rt~d the test shaft hori zontally. 

Located an eqtxal distance outside each knife edge was a split disc or 

flange clamped to the t~st staft for the purpose of transmit ting torque 

to the shaft o These flange~ were fitted with horizontal lever arms, 

1 See Appendix II. 
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extending in opposite directions perpendicular t o the tube length , 

from which dead weights could be suspended. With a given load suspended 

from the lever arms» the torque transmitted to the test shaft could be 

varied, depending on the location of the dead weight along t he l ever 

length. Bending moment remained constant through a run and was deter

mined by the product of load applied and the di stance from flange to knife 

edge. 

9 



I 

Fig. 3 Jig used for static calibration with monochromatic 
mercury vapor source and barrel sight. 
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Fig. 4 Exploded view of sleeve and Polaroid sheet. Seen in 
greater detail i s the barrel sight. 
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• 
Primary i llumination , a monochroma t i c green light (5461A = 21. 5 x 

10- 6 inches), was achieved with a mercury vapor lamp and suitable filter 

(Fig.4 ). The primary illumination was supplemented by ordinary stray 

white daylight. In subsequent experimental work, the stray white light 

was found to aid substantially in locating low order fringes. The white 

light, alone, produced too diffuse a pattern to use quantitatively. 

The dev ice used to measure the stress -opt i c patte rn developed i n the 

torsion bar sleeve was a simple cross hair sighting barrel (Figs . 3 and 4). 

To the barrel was attached a po inter matched to a six inch scale. The 

barrel , set in tracks paralle l to the long tube axis, moved parallel to 

the tube and was used to measure the distance, x, from the thin edge of 

the sleeve to a fringe location. Readings taken in this manner could be 

r eproduced to within ± 0.02 inches. 

Figures 3 and 4 also show the method employed to fix the polarizer-

analyzer comb ination in place . The Po laroid forms an outer sleeve over 

the plastic (shown in an exploded view in Fig . 4) which is bound on the 

ends to solid discs placed to prevent end light leakage. 

The first calibration runs were performed to confirm system line-

arity. With the flanges of the torsion jig fixed adjacent to the supports 

(to avoid all but a minimum of bending moment ), the lever arms were 

loaded 9 in increments, from zero to 1015 inch pounds. This loading 

closely approximated a condition of pure torsional shear. 

For the aluminum tube: r
0 

~ 0.501 in ., r 1 = 0.4655 in •• The 

torsional rigidity is 

(Gf), 
"'L 

G
7( 

- 2 ( - 4 4) to - "1; 
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where J 
4 

is the polar moment of inertia (in). For the plastic sleeve: 

a= 0.501 in., l = 0.042 + 0.048 x~ G = 152,000 psi. 
p 

The subscripts t and p refer to the aluminum tube and the plastic sleeve 

respectively. 

3 I' 
,------- • I 0 0 --------',;;;-

81'11 
./ ~ 

1 
An alternate form of the stress-optic equation states: 

- !t-'7 
I L /'\ --J ~-- ,r. ~--,- ) 

/ / - ~ -.:~J I\ 1_. \ \._. I ._. 2.. 
(2) 

where and 
,~-

c. "2. are the principal strains. The principal strain 

difference is equal to the maximum shearing strain 
'I 

f At 
max. 

a radius r 

r e 
(3) 

1 
See Appendix IL 
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where e is the angle of twist per unit length. 1 It is well known that 

where Mt is the twisting moment and GJ is the torsiona l rigidity. 

Torsional rigidity is made up of the contributions of both the tube 

2 
(shaft) and plastic sleeve 9 so that 

G __ T 

At a location where the sleeve thickness is J (see Fig. 5 ), the 

mean radius r of the sleeve is a+ % . Using this value, and the 

results of Eqs. 4 and 5~ Eq. 3 gives 

!l1t 
( GJ)t:-+ (GJ) p 

Inserting this in Eq. 2 and solving for n/Mt yie lds 

z ~~ ~r 

;\ 
• 

(o7 + J;z) 

1 -(GJ)t-~- (GJ)r] 

Values of n/Mt from Erq. 6 for v:arious values of x (see Fig. 7 ) are 

given in Tab le III. 

(4) 

(5) 

(6) 

1Timoshenko, Str. Materials~ Part I~ p. 283 » 3rd Ed.» Van Nostrand, 

2New York» 1955. 
In normal applicat ions the p lastic sleeve will make a negligible 
contribution. 
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Table Ill 

Calculated values of fringe order per unit t or que n/M t. 

X 

i nches i nches 

0 0 . 042 

1 0 . 090 

2 0.138 

3 o. 186 

(GJ~ + (GJ) t 

pound-inches 

10.64" 4 

11.51\ 4 

12.57\ 4 

13. go\ 4 

* 1.58\_ - 3 = 1.58 X 1 0 - 3 ~ etc . 

Table IV 

1. 58\- 3* 

3. 2~\ - 3 

4.8~- 3 

6. 1~- 3 

Experimentally observed fringe locations. 

X 

inches 
0.75 

1.57 

0.84 

1. 95 

0.47 

1. 25 

2.20 

0.24 

0.84 

1.55 

2.31 

0.58 

1.16 

1.75 

2 . 45 

n ,1 h ~Mt d 
1nc -voun s 

1/2 190 

3/2 355 

3/2 520 

5/2 520 

3/2 685 

5/2 685 

7/ 2 685 

3/2 850 

5/2 850 

7/ 2 850 

9/2 850 

5/2 1015 

7/2 1015 

9/2 1015 

11/2 1015 

15 

n/Mt 

2 . 6~- 3 

4.2~- 3 

2. s~\ - 3 

4.s i\-3 

2.1~- 3 

3~65\- 3 

50 11\ - 3 

1.7~-3 

2.9~ - 3 

'•· tz -3 

5.29\ - 3 

2 0 46 - 3 

3. 45 ... - 3 

4.4~- 3 

5.4i\- 3 



Calculated results contained in Table III are plotted as the 

solid curve of Fig. ? • the ~xp~rimentally obset:Ved points given in 

'fable IV are also shown . The ~greernent between calculated a nd experi-

mental values is obvious . 

Figure 6 belowp indicates a typical sleeve pattern unde r load 

conditions of torsional shear . 

----
~-----------1 ~~i-

Typical sleeve pattern d~veloped 
with shaft sub ject to torsior . 
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The presence of bending moments distorts the isochromatic pattern 

(Fig. ti). If the bending n,ment vector rotatea with the shaft the pat-

tern will also rotate. If the rotative speed is high it may be possible 

!;' i ( . , r . h·. s:: ress-optic pattern . 

to study the fringes with strobo~copic illumination 9 but at low speeds 

this is not feasible. On the other hand 9 if the bending moment vector 

is stationary th·e isochromatic pattern will also be stationary. This lat-

ter situation occurs when the be.nding moments result from either gravity 

loads or bearing misalignm~nt. 

A separate set of ~tatic tests "tvas performed to study the effect of 

bending moments on the isochromatic pattern. fhe results of these tests 

were also found to be reproducible to within close limits over several 

nms ( 6. x = :t 0.02 inches). Readings taken along the neutral sur-

face (where the effects of be~ding stresses are absent) for this com-

bined system were precisely those given 1 within the limits stated, in 

Table IV for similar torque conditions. For bending~ readings of fringe 

location ar~ taken 90° from the neutral surface on the compression or 

tension side of the tABt bar. In this experiment~ readings were taken 

18 



on t he upper or tension side . 

The theory already devel0ped for predicting the isochromatic pat -

tern for pure torsion is readily extended to the combined loading. The 

isochromat ic fringe order is directly proport ional to the maximum shea ring 

stress at the surface of the shaft and this~ in turn 9 is p r oport i onal to 

the resultant moment 
/ 2 2 

M = ~,· Mt + ~ where M 
t 

is t he torsional 

moment and ~ is the bending moment. This result is a well-known 

consequence of applying the maximum shear theory of fai lure to a sha ft 

under such a combination loading .
1 

Substitut ing this r esult in Eq. 6 gives 

7 , \... 
..::,.... KJ (~ -1- J;z ) 

I \ 
• .. --, 

:;-\ 
;-

I --; .7 \ 

\ l. '\·;; ~ \ '-"' '-
t ... 1.1 ... 

In Table V experimentally observed va l ues of fringe posi tion are 

given, along with corresponding values of 
I 2 

n/ \ M ' t 
+ I n Fi g. 9 

these results are plotted as circled points and the sol id theoretic curve 

has been calculated from Eq . 6°. 

Tests conducted over a six hour period~ with constant load applied 

to the test bar~ had no apparent effec t on the stress-optic patte r n, and 

) 

fringe location did not vary detectably over the load period . It wa s , t here -

fore~ assumed th~t the; creep prop,erties of the plastic>) or a stres s rel axa-

cion effect~ did not enter the problem. 

l 
See~ for example~ Timoshcenko~ Str . of Materials» Part II » p 447, 
3r d Ed . 1 Van Nostrand ~ New York~ 1955 . Tbere is a minor error com
mitted when this result is applied to a nonhomogeneous shaft made 
from materials tawing different Pcisson°s ratios. The error is un
important in practical situations . 
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Table V 

Experimentally cbserved values of fringe l ocation x. 

n/ \ M2 2 \ 
X n Mt ~ +~ t 

inches in- lb in- l b 

0 . 30 3/ 2 685 150 2.10 - 3 

1.09 5/2 685 150 3. 57\ - 3 

2 . 02 7/2 685 150 s.oo\ -3 

0.10 3/2 850 150 l. 74\ - 3 

0.71 5/2 850 150 2.90\ - 3 

1. 42 7/2 850 150 4. 06\ - 3 

2. 16 9/2 850 150 5 .22\- 3 

0 . 46 5/2 1015 150 2.43\ - 3 

1.03 1/2 1015 150 3.41\ - 3 

1.63 9/2 1015 150 4.38\ -J 

20 
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4. Dynamic Testing 

A dynamic test simulating~ as nearly as possible., actual service 

conditions» constituted the next test phase. For this purpose~ the 

test shaft was made the driving shaft which linked a motor drive to a 

water brake loading system. The motor lvas instrumented to read driv-

ing torque directly, and was capable of providing 1015 inch pounds at 

speeds ranging from 200 to 400 rpm. The water brake provided 1015 inch 

pounds of braking tor·qu.e at 400 rpm; lesser torques at lower speeds. 

The dynam1c tests were run through the same torque range as the static 

calibration tests (O to 1015 inch pounds) at as low a rotative speed as 

possible. The results obtained are given in the following table. 

Table. VI 

Experimentally observed dynamic values of fringe locat ion x. 

M n/t1 
t t 

inches in-lb 

0 . 16 1/2 190 3.0~ -3 

l. 30 3/2 378 \ 3. 97 \ -3 

0 . 56 3/2 561 2.65\ - 3 

0.31 3/2 685 2.19\ - 3 

0 .23 3/2 756 1. 98\ - 3 

0.96 5/2 756 3.31\ - 3 

2.08 1/2 685 5.12\ - 3 

L77 7/2 756 4o63 \ - 3 

1.48 7/2 850 4 0 12 . -3 

1.18 1/2 945 3. 70 -3 

1.83 9/2 91~5 4.76 -3 

2.55 11/2 945 5 .82 -3 

2.30 11/2 1015 5.42\ - 3 

22 



Experimentally observed values of fringe order per unit torque n/Mt vs. 

fringe location x are shown plotted in Fig. 10 for comparison with the 

theoretical curve . 

23 





The dynamic testll.ng further showed that bending moment~ whose 

vector cemainZi stationary in .:;pace 9 could be resolv~d as in the static 

test. In th~ case of this type of moment~ the stress-optic pattern 

appears stationary~ and !the extreme limits of the fringe developed i n 

the sl~eve can be located. For bending moment due to sha f t eccentricity, 

i.e. 9 moment whose v~ctor rotstes with the shaft~ resolution becomes im

practical. Fo1 the speeds of rotation considered (200 to 400 rpm), the 

pattern appears to wobble so that quantitative measurement of fringe 

location is unreliable. While the dynamic test set up was not designed 

to study thes& effects specif1callyj sufficient shaft eccentrici ty was 

pr esent and sufficient dead weight could be induced t o note the effects 

of t he resulting component stresses on the stress-optic pattern. 

An alternativre method for dete1rmining torque~ when the stress-

optic pattern devel~ped presents two or more consecutiv~ fringes, uses 

the distance between the fringes . Measuring dis t ance between fringes 

would 9 in many instances 9 prove a simpler method because reference to the 

edge of the sleeve is not then required. The relat ion between torque M 
t 

and d istance separating consecutive fringes is shown in Fig . 11. Data used 

to construct this family of ":l.JJ!'\Iles w~re derived from t he theore tical curve 

of Fig . 7J. 
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5. Conclusion 

A knowledge ct tor 1~e as such provides the engineer with a most 

useful qunnticy Sp~cial cnmplex equipment usually assembled for each 

test» and not norma l:t.y cons 1dered pti! t of the op•erat ing machinery, provides 

the customary approach to this deten1ination. The results of this experi-

menta 1 work show that the. photoe last tc technique employed presents a simple 

and effective method for determining torque. Also~ this photoelastic method, 

once applLed~ oeccm~s a p~rmanent part of the equipment and torque read-

ings can be made directly and whenever desired. 

It is imp~rtant to note that the first fringe (n = 1/2) appearing 

in the photoelastic sleeve iS diffuee, poorly defined, and virtually im-

possible to ~se for quantitative results under even darkroom condi tions. 

As the 3/2 and higher order fr1nges appear, they are increa singly well 

defined for quantitative measure. A torque !'-1 
t 

of 190 inch pounds, the 

minimum increment of load tn Tabla IV. causes the first fring e to appear 

and travel the length of the sleeve to the end effect zone. One hundred 

ninety ~nch pounds tnduces 1.n the aluminum tube a she,r stress of 

I 

In order to bt~in a 3lml1~c stra1n tn a steel shaft~ e.g.» a ship pro-

pe: llor shaft~ th"" con·~ spond:i..ng. stress Ho.JJld be approximate ly 

I .;'\( 

.:;; ... \.--
.~ L j rs ~ 

J I 
....::? - ;,•; tri I ' / . 

A stress of thts rt,agnitu::\·e would seldom be encountered in ship shaft de-

1 sign practice, It 1s ob~iou: thdt in a system such as that used in this 

1
A Quarter Century of rropalst0n Shafting Design Pract ice and Opera
ting Experience in the U. S. Navy 9 Rudolph Michel~ Design Division, 
Bureau of Ships 9 H.ashington 1, D. C. 
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experiment~ either t~e first fringe must be used for quantitative measure 

or higher order fringes m~st be made to appear at low stress levels. 

Higher order fringes csn be developed at low stress levels by the 

use of more sensitive stress-optic material or by increasing the thickness 

of the photoelastic sleeve" Pending further developments in stress-optic 

materials ~ nothing: more effective than Photostress is presently availab l e 

for this particular use. However 1 the thickness of the sleeve may be in

creased to as much as 3/4 of an inch (with the linear dimensions increased 

proportionately). This would increase the response by a factor of four, 

making this system practical for the ship shaft application . It can be 

UISed crr.:mvenient 1 y in the main machinery spaces to observe: t he increased 

torque output required to maintain a specified ship speed as the outer 

hull conditions fouled and deteriorated; turbine losses; and spring bear

ing losses. Other applicdtions to shafts~ large or small~ regard less 

of rotative speed, can be made if torque det erminat ion is required, 

since the procedure re,q·(]ires only a sma 11 investment in time and money. 
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Appendix I 

Photostress Type A Liquid Plastic 

A r'Jeter1"inntum of the Haterial Fringe Value 

In this exferimentj a c~libration model, cast and machined to size 

(Fig. 12), was loaded axially in tension in the field of a Chapman plane 

po la ri ~cope. Huns v.·ere made 1tlith both dark and 1 ight fields. Load app 1 ied 

to the Jaodel was measured with a Bnldwin SR-4, type U, load ce ll connected 

to an SR-4, type N, strain indicator. The calibration model was strained 

until the ninth fringe order ,.;as observed. 

Exper11 ent~l dataj charts 1 and calculations are sho~~ on the follow-

ing pages. 

Fig. 12 

Tens ion Model 

Dimens ions 

Area = 0.1107 in
2

. 
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Data 

Photostress Type A Liquid Plastic---15 per cent Hardener by Weight 

Tension Calibration and Determination of Material Fringe Value 

Dark Field Light Field 

Fringe 

Va l ue 

Loctd cr; Load u;· 
pounds psi pounds psi 

0 0 0 0 0 

18.75 169.5 1 15.0 135 . 5 

45 .25 408 2 40 . 0 362 

72 . 50 655 3 71.25 644 

100.75 910 4 98.75 892 

127.75 1152 5 127 . 0 1148 

155 . 25 1403 6 153 . 25 1385 

181. 7 5 1641 7 179.50 1621 

207.50 1872 8 205 . 25 1854 

232 . 25 2100 9 231. 25 2090 

206 . 50 1868 8 209 .75 1892 

178.25 1611 7 181. 25 1638 

149.75 1352 6 154 .25 1394 

122 .50 1108 5 121. 75 1100 

95 . 00 858 4 95.0 858 

66.25 598 3 67 . 50 610 

38.25 346 2 39 . 50 357 

10 .25 10.25 1 13 . 75 124 .2 

0 0 0 0 0 
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Ca l culations 

J~f£r.in~ to Eq. l and solving for the waterial fringe va l ue C 

yields 

c 
'\ Substitutlng fer f\ , the wavelength of the monochroma t i c green light 

used (5461 A = 2L s"'--6 
l.nches) ~ for the thickness J the depth o f 

tbe tens1on mode 1 \0. 315 .Lnches); and for n/ ( CJ, - ().7... ) , the data de -

rived from Fig. 13 (1/'501 

c 
"-.-Co 

2 /. £ 

( 315)(25 0 ) 

'\- 8 
27.3 

Equat .. ng n_ rl!..ght hand £ides of Eqso 1 and 2,, substituting for f:, -£7.
in terms of rJ; -if"z. , and 5DlJing for th1e material fringe value i n 

terms of t~~ principal straLns 

I< c £ 

I + / &t_, 
I 

2 /. 3\- 8 (j t./5/ 0 0 Q "l. I<= J 3 / fNnt€ -?nc,h 

I -1-·1 ~ 
· ?ncA 
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App~ndix II 

Photostress Type A L1quid Plastic 

A Determinat.t;r- cf Morlulu.s of Elasticity~ Shear Modulus~ ana Poisson's 

Ratio 

For this experim2nt~ a simple 1 rectangular section tension model of 

dimEnsions 0. 3! 5'' x 0. 31.5" :x. 6.v was cast and machined to size. The 

upper end of the. model was placad in and supported by c lamp type jaws while 

the lower end was loaded wtth a dead weight system. Strains in the longi

tudinal and lateral direction& were observed by means of Tuckerman optical 

strain gages for ~ach knowrd increment of load. The strain gages were ar

ranged on opposite faces ~f the tension model and held in place with rubber 

bands . The ~age measuring longitudinal strain had a one inch gage length 

while the lateral gage had a 1/4 inch gage length. Strains indicated by 

the optical strain gages were observed through autocollimators. The be

havior of t h~ plastic 11id. s essent ia.. lly linear up to the ma ximum stress attain

ed9 1872 psi. 

Experimental d:Ha" ('harts~ and calculations .are shmm on the follow

ing page> s . 



Dat a 

Photost ress Tvpe A Liqu1d Plas t i c- ·15 pe r cent: Hardener by 'He i ght . Tension 

Test t o Determine Hodu1us of Elas tic i t y and Pois sonus Ratio 

Load 
pounds 

0 

25.9 

51.0 

71.6 

102. 6 

127 . 8 

152 . 9 

177.9 

221.8 

0.1182 
2 

in. 

c:17 
psi 

0 

219 

431 

656 

866 

108::J 

1292 

1502 

1872 

Fig . ~4 Tens ion Mode l Dimensions 

Run I (Autocollimat or Fac tor 1.003) 

Longi t udinal Gage 
Read i ng 
Ga ge No . 851 
1" Gage Length 
Gage Factor 1.995 

- '":" -· -

2.64 

4.24 

6. 40 

8. 78 

1L02 

13.56 

16.14 

20 .76 

Lateral Gage 
Reading 
Gage No. 854 
1/4" Gage Length 
Ga ge Factor 8.020 

12.80 

12.52 

12.16 

11.80 

11.66 

11.38 



Run II (Autocollimator Factor 1.003) 

Load cr;- Longitudinal Gage Lateral Gage 
pounds psi Reading Reading 

Gage No. 851 Gage No. 854 
1" Gage Length 1/4" Gage Length 
Gage Factor 1.995 Gage Factor 8.020 

0 0 3,34 16.58 

25.9 219 3. 74 16.26 

51.0 431 5.40 16.00 

77.6 656 7. 48 15.62 

102.6 866 9.82 15.44 

127.8 1080 12.08 15.18 

152.9 1292 14.72 14.80 

177.9 1502 17.08 14.54 

199.9 1690 19.36 14.44 

221.8 1872 21.66 14.20 
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CaXcv.lat1ons 

plotted in Fig. 15 gtves the modulus of elast~city of Photo stres s Type 

A plastic. 

I 

-

u-
1 

4 t/ 5, 000 ; si 

- (-115\-~) (g.o2 o) (1. oo3) 

;ooo'- ~ (;.t:J95)( ;.oo~) 

E: z. i-; .J:l.btfliflll'd from the stress vs. ~tndn curves of Fig. 16. Finally~ 

rhe ~haBJ modulu! G ~~n b~ found. 

G 
E ~ 1/E) o oo 

2 ( /-1- ,f-t,) 

40 

= ;12. 1 ooo;si 



Appendix III 

Moldi.ng and Contouring the Photostress Plastic Sleeve 

Liquid Photostress is a thermoplastic (polyester) which is received 

1 
and stored with a separate hardener. Storing at temperatures of 40° F 

or lower prolongs shelf life indefinitely. The liquid plastic is most 

conveniently prepared for use in a container of approxima t e ly eight 

ounce capacity. Upon pouring~ air bubbles become entrapped in the vis -

cous liquid. These air bubbles~ present in sufficient quantity, distort 

a stress-optic pattern. In gen~ral~ it is best to heat t he pla stic to 

140-160°F until the bubbles disappear. Allowing it to coo l to room tempera-

ture and combining with 15 per cent hardener by weight 9 the mixture is com-

bined thoroughly~ but slowly (so as not to entrap more bubbles), until an 

exothermic reaction accompanied by a temperature rise to ll0° F is observed. 

The mixing time was found to be in the order of 25 minutes and a Weston 

dial thermometer found convenient for observing tempera t ure. The impor-

tance of thorough mixing cannot be overemphasized since f a i lure to do so 

will result in an ineffective and incompletely polymeri zed shee t (Fig. 17). 

At ll0°F the plastic is ready and must be immedia tely poured into a 

prepared moldo All parts of the mold should be coated wi t h silicone 

varnish cured at 400-500°F for four hours. The silicone insures ea sy re-

moval of the plastic sheet from the moldo Tatnall recommend s a cont rolled 

atmosphere with relative humidity lower than 45 per cent while the plastic 

1
Tatnal l Measuring Systems Company Bulletins pertaining to us e , 
procedures in handling~ and selection of Photostress type. See 
Bib l iography. 
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is curing. This becomes more important as the area of the plastic ex

posed to the atmosphere is increased. Humid conditions will produce a 

broken~ paraffin like film on the surface of the sheet being prepared and 

this film will distort a stress-optic pattern (Fig. 18). If the mold is 

arranged so that only a small area is exposed (one inch
2

, say), humidity 

seems to present no problem. If necessary~ dampness may be controlled 

by the use of an oven~ infra-red lamps» or chemical humidity absorbers. 

Heat may be used to reduce curing time; time required at 100°F was found 

to be approximately one half that required at room temperature (two hours). 

Curing is not completed in the mold. When the plastic has reached the 

stage where the surface may be indented with a knife point without adher

ing to the blade~ and the indentation heals~ the sheet is ready for re

moval and contouring to the work piece. The proper stage of curing must 

be awaited carefully. Premature removal destroys the sheet, "'hile late 

removal induces strains wh~ch produce permanent double refraction. An ad

hesive9 supplied and prepared in advance~ is used to bond the sheet. The 

pressure applied to hold the plastic in place during the final stages of 

curing should be sufficient to maintain contact between sheet and part. 

A cellulose sponge or clear cel lophane tape was found convenient for this 

purpose. Parts to which the plastic is applied must be tho roughly de-

greasedo Acetone is recommended. 

Photostress sheets from 0.048 inches to 0.084 inches will readily 

conform to a one- half inch radius of curvature; sheets f rom 0.084 inches 

to 0.120 inches thick will conform to a one inch radius . The tapeted 

sleeve originally prepared for this project was cast on a silicone treat

ed glass plate on which was placed a hollow~ rectangular sectioned metal 

dam. The glass plate was in turn placed on a metal plate supported by 
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equilaterally arr~nged leveling screws (Fig. 19). This entire assembly 

was then til,..ed to enable a she:et of variable thickness to be ca st. 

This n'ethod, while \lSeable f,~Jr certain applications, proved unsuccessful 

for conrourtng a sheet of desired proportions to a one inch diameter alum

inum tube. The sleeve or sheeti increasing in thicknes s from 0.048 inches, 

to 0.120 1nches over a one and one-half inch length~ was extremely diffi

cult to contour and maintain in position while bonding. Difficulty was 

also encountered in making a continuous seam, 

Photostressv comple,tely cured 9 is easily machined . No noticeable 

stresses are induced in the finished product~ if reasonab le care is 

taken and the plastic is machined slowly. A satisfactory sleeve was made 

by casting the liquid plastic directly into a suitable right circular 

cylindrical mold mounted on a one inch diameter tube. The pla stic was 

allowed to cure completely at room temperature. The fiber composition 

mold was then machined off leaving a plastic sleeve of unifo rm thickness 

bonded to the tube. This~ in turn~ was machined to the desired shape. 

Mineral oil was used as a ,cooling agent while machiningj and was also 

used to maintain a seal on m~chined surfaces and ends of sleeve to pre

vent moisture seepage. 

Working with liquid Photostress requires some technique, but once a 

familiarity with it is acquired~ surprisingly little time is spent in 

preparing a wor~ part for test . Twenty four hours should always be allow

ed from application to t~sting. Edge effects were apparent ove r one 

quarter inch of the sleeve ends~ and consequently~ readings could not be 

taken in this area. 

'V ado'lllS shapes werte tried; the dimensions shown in Fig. 5 we r e 
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adopted as the most satisfactory . Trial sleeves with a smaller taper 

tended to disperse the stress-optic pattern making it more diffuse and 

difficult to analyze quantitatively. Sleeves with a greater degree of 

taper produced a more satisfactorily defined pattern. The dimensions 

adopted produced ad~qua te r e sponse to principal stress dif ferences , and 

at the same time » gave a sleeve long enough to reduce~ t o a mi nimum, the 

inevitable experimental error in locating fringes. 
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FiP. 17 The effEcts of incomplete polyme r ization on Photostress Plastic 

Fig" 18 The effects o f humidity on Photostress Plastic in the curing 
stage. 
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Fig. 19 Tension Models used are shmm with sui table equipment for 
casting contoured sheets. The infra-red lamp was used to 
reduce curing time and control himidi ty. 
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Photoelastic calibration of torsion shaf 
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